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I?REE-FLIGEI!PEKFORMAI?CEOF 16-12WH-DIAMETERSUPERSONIC

RAM-mm UI%tTs

III - FOURUNITS DESIGNEDFOR COMBUSTION-CHAMBER-INLET

MACH NUM8EROF 0.24!5AT I!REE-STIU?AMMACH NUMBER

OF 1.8 (UNITSD-1, D-2, D-3,’AND D-4)

By JohnH. Disherand Lmnard Rabinowltz

An tivestigationof a seriesof 16-inch-diametersupersonic
ran-jet unitshas been corduoted in free flight. Supersonicfli@
speedswere obtainedby releasingthe unitsfrom an airplaneat
hi@ altitude and allowingthe enginethrustand the+force of ~av-
ity to acceleratethe unit. Data for evaluatingthe performance
were obtainedby use of radio-telemeteringend radar-tracking
equipment.

Performmce data are presented’for four individualram-set
units over a range of free-streamMach numbersfrcm 0.49 to 1.78
and gas total-temperatureratiosbetween1.0 ad 6.1. A maximm
ccdmstion efficiencyof 88 peroentwas observedat a fuel-air
ratio of 0.04and mibustion-cWmber-Wet pressure>temperature,
and velocityof 6000poundsper squarefoot, 750°R, and 308 feet
per second,respectively.Combustionblow-outwas observedat the
leemfuel-airratiosof 0.032and 0.04under some conditions,and
roughemlosive burningfollowedby rich blow-outwas observedat
fuel-air ratiosof approximate 0.058and 0.075for one unit.
At a free-streamMaoh numberof 1.70and a gas total-temperature
ratio of 4.0, a diffusertotal-pressurerecoveryof approximately
0.89was sustained;the correspondingthrustcoefficientwas approx-
imately0.79. The m@mum net acceleration(excludinggravity)of
5.13 g’s was attainedat a free-strem Mach numberof 1.77. The
minimumexternaldrag coefficientvariedfrom approx~tel.y0.10
at f&ee-streamMach numb,ersof 0.65to 0.90to approxtitely 0.36
at a free-streamWch nuniberof 1.23.
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INTRODUCTION

Tn.eNACA Lewislaboratoryis conductinga free-flightinves-
tigationof the performanceof a series of 16-inoh-diameterram-
jetunitsnear the NACA Langleylaboratory.The unitsare released
froman airplaneat highaltitude and amelerated to supersonic
velocitiesby the forceof gravity and the enginethrust.

The investigationprovidesperformancedata at subsonicand
supersonicvelocitiesfor a full-scaleengineoperatingunder
actualflightconditions.Data are obtainedat differentvalues
of fuel-airratioby presettingthe fuel regulator. continuous
datarecordsare obtainedby radio-telemeteringand radar-traoking
equipmentthroughoutthe flight.

In order to covera rangeof combusthn-chariber-inletveloc-
ities,fourram-jetdesignsof varying inletand outlet diameters
(designated16-A,16-B,16-C,and 16-D)are used. Data obtained
with the firstram-jetunit investigated(16-A-1)are disoussed
in reference1. Data for the succeedingfourA-t~e unitsand
fiveB-typeunitsare presentedin referemes 2 and 3, respectively.
Data obtainedwith fourD-typeunitsare presentedherein. Tbne
historiesof the perfomemce are presentedfor altitudesfrom
35,000feet to sea leveland free-streamMach numbersfrom 0.49to
1.78. Effectsof free-streamMach numberand gas total-temperature
ratioon diffusertotal-pressurerecovery$thrustcoefficient}and
externaldrag coefficientare includedas well as effectsof fuel-
air ratioand combustion-chamber-inletpressure,temperature,and
velocityon combustionefficiencyand combustionstability.

A completedescriptionof apparatus,tistrumentation,pro-
cedure,and methodof oal.culationis givenin reference2. A brief
descriptionof the fourD-treeuntts is presentedherein.

APPARATUS

The four unitsinvestigatedare designated16-D-1,16-D-2,
16-D-3,and 16-D-4. ModelD was designedfor a cambustion-c@mber-
inletvelocityof 340 feetper second(Machmmber 0.245)at a
free-streamMach numberof 1.8 end a gas total-temperaturemtio
of 3.45. ThiEIheat additionwouldresultfrom operatianat a fuel-
air ratio of 0.05and a combustionefficiencyof 60 percentat en
altitudeof 5000feet. The diffuseris a singleoblique-shocktypec
with no internalcontraction.The islandd-nsions are the same
as for modelsA and B and the lip of the outershellis looatedto

b
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-m interceptthe obliqueshockat a free-streamMach numberof 1.80
with the nozmalshockat the inlet. One of the units installed
on an airplaneis shuwnin figure1. A schematiccross-sectional

~
diagramtith dimensionsfor modelD is shownin figure2. Unit D-4

* was ~ incheslongerthan the otherD unitsbecausethe diffuser

sectionwas lengthenedto provideadditonalfuel-storagevolumein
the islsmd.

The fuel system(fig.3) utilizesheliumstoredundera pres-
sure of approximately3500poundsper squareinchto expelthe fuel

fkoma synthetic-rubberfuel cellwtth a capacityof ~ gallonsfor

unttsD-1, D-2, and D-3, and 10 gallonsfor unitD-4. The fuel flaw
is controlledby regulatingthe heltumpressureproportionalto
free-streamtotalpressure. Threespring-loadedreducingvalves
were used k the fuel systemof unitsD-1 and D-2 and four reducing
valveswere used in unitsD-3 and D-4. The reduc* valvesopenat
successivelyhigherpressuresand eachvalve is connectedto a sep-
arateset of fuelnozzles. This arrangementpermitsthe use of high
fuel pressuresat low fuel-flowrates. The fuelused throughout
the investigationwas 73-octanegasoline(AN-F-238).

A rske-t~e flameholder
was used In all fourunits.

REStLTs

with sevenmagnesium

AND DISCUSSION

flares (fig.4)

A comparisonof the free-streamMach n@bers attainedby the
fourrem-jetunitsis shusnin figure5. The fuel cell for &it D-1
failedsoonafterrelease,and a termhal free-stresmMach nunlber
of only 0.79was reachedduringthe flight. UnitsD-2 and D-3,
whichwere launchedat approximatelythe samefree-streamMach num-
ber and altitude(0.50and 28,000ft), attained.free-streamMach
numbersof 1.73and 1.78and maxiummnet accelerations(exclusive
of gravity)of 3.7 d 5.13gts,respectively.Unit D-4 was
launchedfrom en altttudeof 35,000feet at a free-streamMach num-
ber of 0.54and reacheda maximumfree-streemMach nuniberof 1.21.

Wme histories of the performanceof the ram-Jetunits =e pre-
sentedin figures6 to 9. b general,thesefigureshave been
arrangedin groupsthat describeresultantflightconditions,inde-
pendenttest variables, diffuserconditions,conibustion-chamber-
inletvariables,and performancevariables. The dashedltiesrepr-
sentapproxtmakevalues;suchapproximationswere made wherever
vibratorytelemeterrecordspreventedexactreadings.



4 NACA FM E50D07

UMts D-2 and D-3 encounteredlea combustionstabilityl~ts,
whereasrioh stabilitylimitswere observedfor unit D-4. comhus-
tionblow-outsocourredunderthe followingconditions:

Unit

D-2
D-2
D-2
D-3

D-4
D-4

Time
after

releaee
(sea)

14.5
u21.8
37.2
40.2

41.1
50.7

Fuel-air
ratio,

Wffia

:abustion-
chamber-
inlet
statio

pressure,
P4

(lb/sqft)

+

0.04 950
.041 1150
.032 6600

0.032 9400

0●05W 3000
.075a 3800

aApproxhatevalues

combustion-
@uamber-
inlet
static

temperature,

‘4
(%)

480
503
780
805

625
650

combustion-
chamber-
inlet

velooity,
74

(ft/see)

200
230
370

350

320a
---

The finalblow-outof unitD-2 at 37.2 secondsoccurredat an alti-
tude of 5600feet;instantlythe unit startedto “tumble”in the air
end the telemetertransmitterfailed. No explosionwas visible
and apparentlythe tumblingwas oausedby failureof the stabilizing
fins. The singlebluw-outof unitD-3 at 40.2 secondsoccurredat
an altitudeof 900 feet.’Photographluremrds indioatedthat this
blow-outproduceda detonationthat oauseddestructionof the unit.
In additionto the factorstabulated,the fueldistributionand the
atomizationwouldbe expeotedto have a considerableeffecton com-
bustionstability,particularlyat low combustim-ohamberpressures
and temperatures.The differencein fuel-nozzleamangement with
unitsD-2 and D-3 appxmntly contributedto differencesin combus-
tion stabilityatcombustim-chamberpressuresbelowapproximately
1500poundsper squarefoot. Unit D-3 operatedat fuel-airratios
as low as 0.02at thesemmbustion-dmnberpressures,althoughwith
very low efficiency(fig.8(d));whereasunitD-2 blew out at fuel-
air ratiosof 0.04and 0.041and combustion-chaiberpressuresof
950end l150poLandsper squarefoot (figs.7(d),7(e),ad premding
table). A capariscm of the combustionefficiencyand the primary
variablesaffeotingefficiencyfor unitsD-2 and D-3 is shownin
figure10. Combustion-ch@erpressurewas chosenfor the absoissa
beoausethis quantity’hadthe greatestvariaticmduringthe flights.
Peak combustionefficienciesof 88 and 78 percentwere observedfor
unitsD-2 end D-3, respectively,at a fuel-airratioof 0.04and

.
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mmbustion-chamber-inletpressures,temperatures,and velocitiesof
6000and 8800poundsper squarefoot,750°and 780°R, and 308 and
306 feetper second,respectively.

In orderto detemine the perfozm&ce of the D unit at hi@&
fuel-airratios,the fuel systemof the unit D-4 was set to provide
higherfuel flowthan unitsD-1, D-2, and D-3, and the fuel tank
was enlargedto a oapaoityof 10 gallons. The launchingaltitude
of 35,000feetprovidedsuch low cabu@jion-chamberpressuresand
temperatures(approximately500 lb/sqft and 425°R) that oonibustion
was not sustainedduringthe first29 secondsafterreleaseeven

●

thougha fuel-airratioof approximately0.05to 0.042was main-
tained (figs.9(d)and 9(e)). At 29 seoondswhen a ccmhustion-
ohember-inletpressureof 1100 poundsper squarefootwas reached,
ignitionooourrd. Smooth,steadyocmibustionooourredumtil
39.8 seconds,whena lowemplitudevibrationof approximately
50 cyclesper secondstarted;the amplitudeof vibrationticreased
untilapproximately41.1 secondswhen blow-outoccurred. The fuel.
air ratiowas approximately0.058dur~ this period. A photo-
graphicrecordof this transitionfrom steadyburningto blow-out
iS shownin figure11. Duringthe decelerationthat followed,the
fuel-airm&ure startedto burn outsidethe unit and continuedto
burnoutsideuntil48.2 seconds,when the combustion-chamber-inlet
velocityhad decreasedto a valuethat alluwed,efficentcombusticm
to resume. The resultinginoreasein heat additim changedthe
fuel-airratioto approximately0.075and rough explosiveburning
of approxinmtely50 cyclesper secondstarted,as shuwnin the
photographscovering48.3to 50.5 seconds. At approximately
50.6 seconds,blow-outreoootarredand the unit decelerateduntil
impact. The rich instabilityand blow-outoccurredat fuel-air
ratiosof 0.058and 0.075with Gorrespon.dingpressuresof 3000and “
3800poundsper square foot and temperaturesof 625°and 650°R,
respectively.The blow-outof unit D-4 at 41.1 seoondsoccurred
at oombusticm-chamber-inletconditionsunderwhichunitsD-2 and
D-3 had burnedsatisfactorily.Thisbluw-outat a fuel-airratio
of 0.058was apparentlyoausedby the openingof the third set of
fuelnozzlesat 40 seconds,whichproduceda temporary100al
enrichment(fig.9(b)).

The total-pressurerecoveryacrossthe diffuseris shown to
decreaseat a mnstant-fkee-streemMachnuniberwith a decreaseti
heat additionin figure12. The ltiesof c0nf3tanttotal-t=w=t~e

ratiowere fairedfra data pointsfor the four unitsconsidered
herein. For exsmple,at a free-streamMach nmiberof 1.2, the
diffusertotal-pressmerecoverydecreasedfhmapproximately 0.92
to 0.69with a deoreasein gas total-temperaturef%om 4.0 to 1.2.
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The lowervalues of heat additionresultedin diffuser-outletcon-
ditionsof highervelocity,lowerstatiopressure,and a reduotion
in totalpressureneoessaryfor mass continuity.When sonicor
supersonicvelocityexistedat the diffuserinlet,this reduction
in totalpressurewas made possibleonlyby the presenceof a nor-
mal shockwithinthe diffuserwith its aooompanyingtotal-pressure
loss. With a gas total-temperatureratioof 1.0,the transition
from internalsubsmiu flow to internalsupersonicflow occurred
at a free-streamMach numberof approximately0.65;whereasa gas
total-temperatureratioof 4.0 maintainedinternalsubsonioflow
at free-streamMach numbersup to 1.70and would continueto do so
up to a free-streamMach numberof approximately1.9. The dif-
fusertotal-pressurerecoverywas 0.89at a gas total-temperature
ratioof 4.0 and a free-streamltachnuuiberof 1.70;thus onlya
3-percent10SP h pressurerecove~ was sustainedwhen the’Maoh
numberwas increased&cm 1.2 to 1.7 at a gas total-temperature
ratioof 4*O

The variationin net-thrustcoefficient(definedas the total
changein momentumof fuel and air flowingthroughthe ram jet
dividedby the maxlnmmmoss-sectionalarea and the free-stream
dyuamicpressure)with free-stremnl&oh numberand gas total-
temperatureratio is shownin figure13. A maximumthrustooef.
fioientof 0.88observedfor the fourunitsoocurredat a free-
streamMaoh numberof 1.5 and a gas total-temperatureratioof
4.6. At a gas total-temperatureratioof 4.0,the thrustcoef-
ficientincreasedfrom a~ximately 0.26to 0.79when the Maoh
numberincreasedfrom 0.7 to 1.70.

The variationof externaldrag coefficientwith free-stream
Mach numbersmd gas total-temperatureratiois shownin figure14.
The externaldraghas been definedas”thetotalchangein momentum
of the air flowingoutsidethe ram-jetunitand thereforeincludes
the additivedragat the diffuserinletas well as the totalexter-
nal drag cm the shelland the fins. Thus a heatadditionsufficient
to alterthe external-flowconditims forwardof the diffuserinlet
would changethe ertemal drag ooeffioientbecauseof the effect
on additivedrag. A linehas been drawnthroughthe data that are
believedto representminimumdrag. This minimumdragwould result
from heat additionsat or belowa criticalvaluethatwouldallow
the maximumpossibleair flowthroughthe unit. This criticalheat
additionwouldvary frama gas total-temperatureratioof 1.0 at
a free-streamWch numberof approximately0.65to’s gas total-
temperatureratioof 3.45at a f&ee-streamMaoh numberof 1.8. The
minimumdrag coefficientincreasedfromapproximately0.10at sub-
sonic~ch numbersto a peak valueof approximate~0.36at a Mach

.

.

.
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nuuiberof 1.23. At Mach tiers of 1.73and 1.77,mhimum drag
coefficientsof approximately0.23were observedwith a heat
additionlessthan critloal. A maximumdrag coefficientof 0.40
was observedat a Maoh numberof 1.26with a gas total-temperature
ratio of 4.7.

suMMARYOF RESULTS

ltxxnthe data obtafnedduringfree-flightinvestigationsof
four 16-inch-diametersupersmic ram-jetunits overa rauge of
free-streamMach numbersfra 0.49to 1.78,ccmibustim-chamber-
inletMach numbersof 0.11to 0.36,and gas total-temperatureratios.
between1.0 and 6.1,the followingresults were observed:

1. Lean combustioninstabilityand blow-outwere encountered
with two of the units. Blow-outof unit D-2 occurredat fuel-air
ratiosof 0.04and 0.032with combustim-chamber-inl.etpressures
and te~eratures of 950 ti 6600poundsper squarefoot and 480°
and 780°R, respectively.Blow-outof unit D-3 occurredat a
fuel-airratio of 0.032and combustion-chamherhlet pressured
temperatureof 9400poundsper squarefoot and 805° R, respectively.

2. Rtch co?ibustioninstabilityand blow-outwere encountered
with unitD-4 at fuel-airratiosof approximately0.058and 0.075,
with combustion-cluuuber-inletpressuresand temperaturesof 3000and
3800 poundsper squarefoot and 625°W 650°R, respectively.

3. Peak ccmibustionefficienciesof 88 and 78 peroentwere
observedfor unitsD-2 and D-3j respectivelyat a fiel-airratio
of 0.04and combustion-chaniber-inletpressures,temperatures,
and velocitiesof 6NOand 8800 Poundsper square foot, 750°and
780°R, 308 and 306 feet per second,respectively.

.

4. At a free-streamMach numberof 1.2,the diffusertotal-
pressurerecoverydecreasesfrom approximately0.92to,O.69with
a deoreasein gas-totaltemperatureratio&cm 4.0 to 1.2. At
a f&ee-streemMach numberof approximately1.7 and a gas total-
temperatureratioof 4.0~ the diffusertotal-pressurerecovery
WaS 0.89.

5. At a gas total-temperatureratio of 4.0, the thrustcoef-
ficientincreasedi%cm 0.26to 0.79when the Mach numberincreased
from 0.70to 1.70. The nmximumthrustcoefficientof 0.88was
observedat a fYee-streamMach nuniberof 1.5 ad a gas total-
temperatureratio of 4.6. The maximumnet acceleration(excl~~
gravity)attainedwas 5.I.3g’s at a Mach n~ber ~ 10779
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6. The average minimum valuesof externaldrag coefficient
variedfrom approximately0.10at fYee-streamMach numbersof 0.65
to 0.90to approximately0.36at a free-streamMaoh numberof 1.23.
Near designmndttions at a free-stresmMach numberof 1.77,a
minhum drag coefficientof approximately0.23was observed.

LewisFlightI%crpulsionLaboratory,
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(a)Three-quarterrearview.
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(b) Rear view.

Figure4. - Flamehol&erfor supersonic16-inuhram-jetunits16-D-1,16-D-2,16-D-3,ard
16-D-4.
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Figure 5. - Comparisonof free-streamMach numbers for ram-jet units
16-D-1, 16-D-2, 16-D-3, and 16-D-4.
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(b) Independent test variables.

Figure 6. - Continued. Time history of flight data and
ram-jet unit 16-D-L
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Time after release, ~, eec

(c) Diffuser conditions and external-drag and net thrust coefficients.

Figure 6. - Concluded. Time history of flight data and performance of
ram-jet unit 16-D-1.
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F@ure 7. - Time history of flight data and performance of ram-jet
unit 16-D-2.
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(b) Independent test variables.

Figure 7. - Continued. Time history of flight data and per-
formance of ram-jet unit 16-D-2.
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(o) Diffuser variables.

Figure ‘7.- Continued. Time history of flight data and performance
of rem-jet unit 16-D-2.
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(d) Combustion-ohamber-inlet variables.

Figure 7. - Continued. Time history of flight data and per-
formance of rem-jet unit 16-D-2.
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Figure 7. - Continued. Time history of flight data and performance of ram-
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Figure 7. - Concluded. Time history of flight data and performance
of ram-jet unit 16-D-2.
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(a) Resultant flight conditions.

Figure 8. - Time history of flight data and performance of
ram-jetunit 16-D-3.
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Figure 8. - Continued. Time history of flight data and performance of
ram-jet unit 16-D-3.
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